Abstract: Based on a polarized and dual-end pumping scheme and a ring resonator, a stable, high power and high beam quality continuous-wave single-frequency Nd:YVO 4 green laser directly pumped at 880 nm has been fabricated. A measured maximum output power of 12 W at 532nm was obtained with a conversion efficiency of 23.1%. The stability of the output was better than ±0.5% and no mode hopping was observed over a period of five hours. The output beam was almost diffraction limited with a measured beam quality of M 2 x =1.03 and M 2 y =1.02. The intensity noise reached the shot noise limit (SNL) for analysis frequencies above 3.5 MHz, and the phase noise was 1.3 dB above the SNL in the range of 2 to 20 MHz. 
Introduction
All-solid-state continuous-wave (cw) single-frequency green lasers with high output powers have attracted great interest on account of their important applications in, for example, pumping Ti:sapphire lasers and optical parametric oscillators [1, 2] , and being widely used in quantum optics and quantum communications [3, 4] . The development of cw single-frequency green lasers is currently concentrated on how to improve the beam quality and stability while increasing the output power. It is well known that excitation and lasing processes in solidstate lasers always give rise to heat generation, especially in those pumped by high incident powers. Heat generation would lead to thermal stress, stress birefringence and thermal-lens effects that could limit output power and efficiency, as well as decrease the beam quality and resonator stability. To deal with this problem, a direct pumping scheme has been demonstrated [5] [6] [7] in which the doped ions in the laser medium are directly excited into the upper lasing level. For Nd 3+ ion doped lasers, the slope efficiency can be increased and the threshold pump power can be reduced by direct pumping at 880 nm. This mainly results from the larger Stokes factor of 8% compared with that for pumping at 808 nm. Moreover, a 28% smaller quantum defect ratio reduces heat generation which also improves the laser parameters. Generation of 532 nm emission by direct pumping has already been reported: for instance, 5.1 W at 531 nm with M 2 =1.46 was obtained for 16.5 W of pump power at 879 nm [8] , and 62 W at 532 nm with M 2 =1.05 was achieved with a total pump power of 211 W at 888 nm [9] . However, these lasers only operated in a single-transverse-mode, and to our knowledge there have been no reports about directly pumped single longitudinal-mode cw green lasers.
The Nd:YVO 4 crystal is widely used to obtain high conversion efficiency and high beam quality lasers in an end pumping configuration, owing to its favorable characteristics including high gain, large stimulated emission cross section and a constantly polarized output due to natural birefringence. However, there are still some problems. The first is that in the one-end pumping configuration, thermal effects are very grave and pump absorption is inhomogeneous along the length of the crystal. The thermal load at the crystal's input face is significantly greater than at the export face, so the incident pump power is limited by serious thermal aberrations, larger bulging of the crystal's entrance face, and possible stress fracture. Secondly, a fiber-coupled laser diode is often used as the pump source, providing a very homogeneous spatial profile, but its output beam is usually unpolarized and the absorption coefficients of two polarizations in the crystal are greatly different, moreover, the absorption coefficients are much smaller at 880 nm than at 808 nm [10] .
In this paper, a 12 W cw single-frequency intracavity frequency-doubled Nd:YVO 4 green laser with good beam quality and pumped directly at 880 nm is presented. A polarized and dual-end pumping scheme was used to resolve the problems of the different absorption coefficients of the two polarizations, as well as the inhomogeneous absorption along the length of the crystal in the one-end pumping configuration. A ring resonator was designed to obtain single-frequency laser oscillation. A long crystal was used to enhance the absorption efficiency because of the smaller absorption coefficient at 880 nm. A type-I noncritically phase-matched lithium borate (LBO) crystal was chosen as the intracavity frequency doubler. Stable, high power single-frequency output at 532 nm was obtained. The laser output characteristics such as linewidth, frequency stability, beam quality, and noise power spectrum were investigated in detail.
Experimental setup
The experimental setup is schematically depicted in Fig. 1 . A fiber-coupled laser diode with a center wavelength of 880 nm and core diameter of 400 μm was used as the pump source. A polarizing beam splitter (PBS) was used to split the beam from the fiber which was then collimated by the lens L1 into two orthogonally polarized beams. One pump beam of spot size diameter 1100 μm was focused through lens L2 into one end of the Nd:YVO 4 crystal, with its polarization along the c axis. The polarization of the other pump beam was rotated 90 degree by a half-wave plate (HWP) so that it was also along the c axis. After reflection by mirrors M7-M9 and focusing by lens L3, this beam was then coupled into the other end of the crystal, also with a spot size of 1100 μm. The gain medium was a 20 mm long composite Nd:YVO 4 crystal consisting of a 15 mm long 0.2 at.% Nd-doped central portion and two 2.5 mm long undoped end caps. Both end faces were polished and anti-reflection coated at 1.06 μm and 880 nm (R 1.06 μm, 880nm < 0.25%). The crystal was tightly wrapped with indium foil for reliable heat transfer and mounted in a copper block which was maintained at 20° C by a temperature controller with an accuracy of ±0.01° C (YG-4S, YuGuang Co., Ltd). The pump absorption efficiency of the Nd:YVO 4 crystal was measured to be 95.3% in our experiment. In order to obtain single-frequency laser oscillation, a ring resonator formed by four plane mirrors (M1, M2, M3 and M6) and two plane-concave mirrors (M4, M5) was designed, as shown in Fig. 1 . Two input couplers (M1, M2) were high reflection (HR) coated at 1.06 μm (R 1.06 μm > 99.7%) and high transmission (HT) coated at 880 nm (T 880 nm > 95%). Two plane mirrors (M3, M6) and one concave mirror (M4) with a curvature radius of 100 mm were HR coated at 1.06 μm (R 1.06 μm > 99.7%). The output coupler (M5) was HR coated at 1.06 μm (R 1.06 μm > 99.7%) and HT coated at 532 nm (T 532 nm > 95%) with a curvature radius of 100 mm. The incidence angle of the oscillation beam on the concave mirrors was designed to be 6.5° to reduce astigmatism. An optical diode formed by a half-wave plate (HWP2) and a terbium gallium garnet (TGG) crystal was used to enforce unidirectional operation. To ensure stable oscillation, the cavity length was designed by ABCD matrix analysis, taking into account the thermal lensing effect of the crystal. The measured thermal focal length was about 400 mm at a pump power of 52 W. The optimal cavity length was 101.5 mm (between M4 and M5) plus 560 mm (residual path length). The waist radius in the center of the crystal was about 580 μm, and good mode matching between the pump and oscillation beams was achieved. The waist radius between M4 and M5 where the frequency doubling crystal was placed was 38.5 μm, so that high frequency-doubling efficiency could be obtained with a focusing parameter of ξ = L/b=2.86 that is almost equal to the optimum value of 2.84 [11] . Here L is the crystal length (20 mm) and b=kω 2 the confocal parameter, where ω is the waist radius and k the propagation constant of the fundamental pump beam inside the frequency doubling crystal.
A type-I noncritically phase-matched LBO crystal with the dimensions of 20×3×3 mm 3 (length×width×thickness) was chosen for intracavity frequency doubling because of its high damage threshold and large temperature and angular acceptances [12] . It was inserted into the ring laser cavity between M4 and M5 and temperature controlled to an accuracy of ±0.005° C (YG-2009B, YuGuang Co., Ltd). The phase-matching temperature of around 148° C was fine adjusted during the experiment to obtain the maximum green output. To ensure stable laser operation, a 0.5 mm thick uncoated silica quartz plate was used as an étalon to narrow the gain spectra and suppress mode hopping [13] . Mirrors M10 and M11 were used as beam splitters to reflect out 1% of the 532 nm for measuring the various laser parameters.
Experimental results
The laser could oscillate when the incident pump power was above 35 W. The reason for such a high threshold value is that the ring resonator was designed for high pump power (above 50 W) and stability when the thermal focal length is shorter than 530 mm, corresponding to pump powers greater than 35 W. At the optimum LBO temperature of 148° C, the measured maximum 532 nm green laser output was 12 W at an incident pump power of 52 W, with a conversion efficiency of 23.1%. The stability at an average output of around 11.6 W was measured by a power meter (LabMax-TOP, Coherent) and recorded by a computer. As shown in Fig. 2 , it was better than ±0.5% (peak-to-peak) and no mode hopping was observed over a period of five hours. The longitudinal mode of the green laser was monitored by a scanning Fabry-Perot (F-P) interferometer with a free spectral range of 150 MHz and finesse of 1000, and recorded by a digital storage oscilloscope (Tektronix DPO 4054). As shown in Fig. 3 , there was only a single longitudinal-mode, and the frequency drift was better than 15 MHz in 1 minute. Using the data of Fig. 3 , the instantaneous linewidth was measured to be 150 kHz, which was limited by the resolution of the F-P interferometer. Noise is a critical parameter in quantum optics experiments. The intensity noise of the green laser was measured using a balanced homodyne detection system [14] , formed by HWP3, PBS2 and a pair of low noise, broadband photodetectors (D2 and D3). The sum and difference of the detected signals were recorded by a spectrum analyzer (N9010A, Agilent) with a resolution bandwidth of 100 kHz, a video bandwidth of 100 Hz, and a sweep time of 1.4 s. As shown in Fig. 5 , the sum signal gives the intensity noise power of the green laser (red line) and the difference signal gives the shot noise limit (SNL) (black line), which was calibrated by a thermal white light source. It can be seen that the intensity noise reached the SNL for frequencies above 3.5 MHz. The electronic noise level of the balanced homodyne detector is 10.5 dB below the SNL (not shown in the figure). To investigate the phase noise, an empty off-resonance ring cavity (the analysis cavity in Fig. 1 ) was used as a phase-toamplitude converter [15] . This cavity had a bandwidth of 1.65 MHz, allowing for a complete conversion of phase to amplitude noise for analysis frequencies higher than 2.3 MHz. The phase noise power was measured at each frequency by scanning the cavity with triangular wave of 2 Hz. As shown in Fig. 5 , the measured phase noise was about 1.3 dB above the SNL from 2 to 20MHz. 
Conclusion
We have demonstrated a cw single-frequency green laser at 532 nm by direct pumping at 880 nm. High output power, excellent beam quality, good stability and low noise were realized through the use of a polarized and dual-end pumping scheme and a ring laser resonator of special design. A dual-end pumping scheme was employed to realize the homogeneous absorption along the length of the laser crystal, so that defects such as serious thermal aberration, bulging of the entrance faces, and stress fracture risks that are encountered in the one-end pumping configuration were decreased. A single-polarization direction for the pump beams was selected to solve the problem of different absorption coefficients of orthogonal polarizations in the Nd:YVO 4 crystal. The measured maximum green laser output was 12 W with a conversion efficiency of 23.1%. The stability of the output power was better than ±0.5% and no mode hopping was observed over a period of five hours. The instantaneous linewidth was less than 150 kHz and frequency drift was better than 15 MHz in 1 minute. The beam quality parameters were measured to be M 2 x =1.03 and M 2 y =1.02, and was very nearly diffraction limited. The noise characteristics were also investigated. The intensity noise reached the SNL at an analysis frequency of 3.5 MHz, and the phase noise was 1.3 dB above the SNL in the range of 2 to 20MHz. This high quality green laser can be used as a pump source for Ti:sapphire lasers, optical parametric oscillators, and for generating nonclassical light in quantum optics experiments.
